The ferric-xylenol orange (FOX) method for measurement of hydroperoxides is based on a technique that employs reduction of peroxides in an acidic condition by Fe 2 ϩ and formation of the colored ferric-xylenol orange (XO/Fe 3 ϩ ) product with a peak at 560 nm. The 560 nm absorbance peak of XO/Fe 3 ϩ shifts to a 610 nm peak with high absorption intensity in the presence of phosphatidylcholine. This is useful for quantification of peroxides such as phospholipid hydroperoxides. Based on this finding, we recently reported a modified FOX method. We now show by measurements of absorbance, broadening of the electron paramagnetic resonance spectrum, changes in the vesicle size and their zeta potentials, the effects of detergents, and manipulation of the membrane lipid composition that the XO/Fe 3 ϩ -phosphatidylcholine complex forms only in the presence of intact phosphatidylcholine membranes. The phosphate group on the phospholipid plays a role in this interaction which may involve an electron transfer from the phosphate to the Fe 3 ϩ . A positively charged quaternary amine on the phosphatidylcholine is also necessary to give a peak absorbance at 610 nm. Our observations are consistent with binding of one XO/Fe 3 ϩ complex to about 3 molecules of the egg yolk phosphatidylcholine carrying a zero net charge.
) product with a peak at 560 nm. The 560 nm absorbance peak of XO/Fe 3 ϩ shifts to a 610 nm peak with high absorption intensity in the presence of phosphatidylcholine. This is useful for quantification of peroxides such as phospholipid hydroperoxides. Based on this finding, we recently reported a modified FOX method. We now show by measurements of absorbance, broadening of the electron paramagnetic resonance spectrum, changes in the vesicle size and their zeta potentials, the effects of detergents, and manipulation of the membrane lipid composition that the XO/Fe 3 ϩ -phosphatidylcholine complex forms only in the presence of intact phosphatidylcholine membranes. The phosphate group on the phospholipid plays a role in this interaction which may involve an electron transfer from the phosphate to the Fe 3 ϩ . A positively charged quaternary amine on the phosphatidylcholine is also necessary to give a peak absorbance at 610 nm. Our observations are consistent with binding of one XO/Fe 3 ϩ complex to about 3 molecules of the egg yolk phosphatidylcholine carrying a zero net charge. Key Words lipid peroxide, liposome, xylenol orange, phosphatidylcholine, membrane There is much convincing evidence of an association between the formation of excessive amounts of free radicals and other reactive oxygen species (ROS) under oxidative stress and many diseases or deleterious conditions. Unsaturated lipids are well known targets of ROS and many studies have documented the formation and hazards of lipid peroxidation in biological systems exposed to oxidative stress in vitro and in vivo ( 1 -6 ) .
Direct measurement of oxidized lipids presents significant problems. A widely used technique employs reduction of the peroxides by Fe 2 ϩ in acidified organic solvents and complexing the Fe 3 ϩ generated with xylenol orange (XO) ( 7 , 8 ) . The 1 : 1 XO/Fe 3 ϩ complex is normally measured at 560 nm, where it has significant absorbance ( 9 ) . The method is commonly designated FOX assay, and its improved forms are known as PCA-FOX ( 10 ) and M-PCA-FOX ( 11 ) .
Until recently, peroxide measurements by the FOX methods were performed on aqueous or organic solutions consisting of a single phase. We have recently reported on the development of a new variant of the assay for measurements of phospholipid peroxides in bilayer membranes, which importantly does not involve lipid extraction ( 12 ) . In the presence of a high concentration of phosphatidylcholine, the maximum absorption of the XO/Fe 3 ϩ complex changed from the commonly used 560 to 610 nm in the presence of MeOH and the absorption intensity significantly increased. This is useful for the quantitative determination of phospholipid peroxides because it excludes the interfering absorbance of uncomplexed XO with the maximum absorption at 430 nm and increases the sensitivity. We now report a detailed study on the effect of the presence of phospholipid membranes on the spectral characteristics of the XO/Fe 3 ϩ complex. Measurements of absorption spectra. Absorption spectra of XO/Fe 3 ϩ were determined in a 1.0 cm light-path cuvette using a JASCO V-550 spectrophotometer (Tokyo, Japan). The typical solution was 2 mL of MeOH, 1 mL of 1 m M EYPC/MeOH, 1. SO 4 with and without 400 M EYPC was transferred to the quartz sample tubes and kept at Ϫ 30˚C before measurement. Electron paramagnetic resonance (EPR) spectrometer conditions were as follows: microwave power (5 mW); modulation amplitude (6.3 G); time constant (0.3 s); scan time (240 s); receiver gain (1,600). EPR spectra were recorded at liquid nitrogen temperature ( Ϫ 196˚C) in a JEOL spectrometer (JES-TE300; JEOL, Tokyo, Japan) with an ES-UCX 2 cavity. Spectra were stored on IBM PC for analysis.
MATERIALS AND METHODS

Materials
Preparation of liposomes in water. For experiments in the absence of MeOH (0% MeOH), the liposomes were prepared as described previously ( 13 ) . The stock solution of EYPC in chloroform was evaporated under nitrogen. The resulting thin lipid films were dispersed in water in a vortex mixer and subjected to ultrasonic irradiation in a Bransonic-12 sonic bath (Yamato, Tokyo, Japan) for 10 min. Figure 1 shows the effects of the EYPC concentration on the absorption spectra of XO/Fe 3 ϩ in 90% (A) and 60% (B) MeOH solutions. In 90% MeOH and in the absence of the lipid (spectrum a in Fig. 1A ), the major absorbance was at 590 nm. This was unaffected when the system contained 0.5 m M EYPC. Increasing lipid concentrations led to a shift of absorbance to 430 mn, with the longer wavelength absorbance no longer detectable in the absence of Fe 3 ϩ , even when the concentration of EYPC was 2 m M (f and g in Fig. 1A ).
RESULTS
The absorbance of the XO/Fe 3 ϩ complex in the absence of EYPC peaked at 590 nm and was almost identical in 90% MeOH (spectrum a in Fig. 1A ) and 60% MeOH (a in Fig. 1B) . However, these concentrations of MeOH showed very different effects on the spectra of the XO/Fe 3 ϩ when EYPC was present. At 0.5 m M , the phospholipids had no effect on the 590 nm absorbance maximum in 90% MeOH (b in Fig. 1A ), but shifted the peak from 590 to 610 nm and increased its peak intensity in 60% MeOH (b in Fig. 1B ). The spectrum in 60% MeOH was unaffected when the EYPC concentration was increased from 0.5 to 3 m M (b-e in Fig. 1B ), but the spectra of both the intensity and peak wavelength in 90% MeOH changed in the presence of EYPC; as the phospholipid concentration increased, the 590 nm peak decreased and a new peak at 430 nm was observed. The intensity of new peak increased with the increase of EYPC concentration from 0.5 to 3 m M (b-e in Fig. 1A ) in the presence of the XO/Fe 3 ϩ complex, but was unaffected by 2 m M EYPC in the absence of Fe 3 ϩ in both 60 and 90% MeOH solutions (f and g in Figs. 1A and B). These results show that the spectrum with a maximum at 430 nm can be assigned to XO.
The effect of MeOH on the peak absorption of the XO/ Fe 3 ϩ complex in the presence of EYPC is shown in Fig. 2 (black symbols). Increasing MeOH concentrations from 10 to 60% increased the intensity of the peak absorption near 610 nm. However, at 75% there was an abrupt loss of the 610 nm peak and corresponding development of absorption at 550 nm, which was unaltered by a further increase of MeOH content to 90%. The particle size of EYPC was also investigated at different concentrations of MeOH (Fig. 2, white symbols) . After a gradual parallel increase of vesicle size and 610 nm absorbance, there was an abrupt change between 65 and 73% MeOH when the vesicles became very large and the 610 nm peak steeply decreased. No particles could be detected in solutions containing more than 75% MeOH. We further investigated the effects of phosphatidylcholine (PC) species having saturated fatty acids with different chain lengths on the formation of vesicles and the appearance of the 610 nm spectrum peak of the XO/Fe 3 ϩ complex (Fig. 3) . Phosphatidylcholines having longer fatty acid chains, such as dimyristoyl PC and dipalmitoyl PC, gave a peak at 610 nm and formed vesicles in 60% MeOH solution at concentrations above 100 M , but short-chain PCs, such as didecanoyl PC and dilauroyl PC, did not, even at concentrations of up to 400 M . The good correlation between the appearance of this absorption peak and formation of vesicles in each PC species confirms the finding with EYPC that vesicle formation is necessary for XO/Fe 3 ϩ to give the 610 nm maximum. This was further confirmed by the fact that when the EYPC vesicles were solubilized by 50 m M n -dodecyltrimethylammonium chloride the 610 nm peak was no longer evident (results not shown).
The relationship between the presence of EYPC and concentration of MeOH and the spectra of the XO/Fe 3 ϩ complex suggests a crucial role for phospholipid membranes. The effect of the ratio of concentration of the XO/Fe 3 ϩ complex to EYPC in 60% MeOH on the absorbance near 600 nm is shown in Fig. 4 . An increase of the amount of the 1 : 1 XO/Fe 3 ϩ complex at a constant EYPC concentration (Fig. 4A) shows a change in peak position from 610 to around 602 nm. The spectra were separated by curve fitting analysis into two spectra of the XO/Fe 3ϩ having peak absorbances at 590 and 610 nm, obtained in the absence and presence of EYPC, respectively. Figure 4B The interaction of the XO/Fe 3ϩ complex with EYPC vesicles was investigated by measuring its modification of the zeta potentials of EYPC membranes. Figure 5 shows plots of the zeta potential of EYPC vesicles as a function of XO and XO/Fe 3ϩ concentrations in 25 mM H2SO4. The low zeta potential (6.5 mV) of EYPC vesicles in the acid (pH 1.7) solution in the absence of XO/Fe 3ϩ indicates that most of the amine and phosphate groups of EYPC were positively and negatively charged, as required for the formation of membranes. XO itself did not affect the zeta potentials under the given condition, but the addition of XO/Fe 3ϩ complex led to a concentration-dependent lowering of the potential. The initial value of 6.5 mV decreased to a plateau at 1.5 mV up to 500 M Fe 3ϩ /XO in the presence of 1 mM EYPC. The variation of the membrane zeta potential with concentration of XO/Fe 3ϩ between 0 and 500 M could be resolved into two straight lines intersecting at 320 M, indicating that one XO/Fe 3ϩ complex bound to about 3 molecules of EYPC at pH 1.7. This binding ratio is consistent with the results shown in Fig. 4 .
Interaction of the XO/Fe 3ϩ complex with EYPC membranes was further examined by measuring the EPR spectra under several conditions (Fig. 6) . The spectra in 60 and 90% MeOH and in 90% MeOH containing EYPC were practically identical, showing a signal at gϭ4.3 attributed to a nonheme iron species in the ferric highspin state (14) (spectra A-C). In solutions containing 60% MeOH and EYPC, the EPR signal was lower and had a new broad component (spectrum D). This was the only system with intact EYPC membranes, and the spectral change suggests that the XO/Fe 3ϩ complex had restricted mobility, possibly caused by binding to the membranes. The role of phosphate groups in this interaction was studied by comparison of the spectra of the XO/Fe 3ϩ complex in the presence of vesicles formed from DOPC or DOTAP (Fig. 7) . No 610 nm peak was observed in DOTAP suspensions in the presence of 60% MeOH, suggesting the interaction between the membrane phosphate groups and the Fe 3ϩ complex. There is also a possibility that the positively charged head group of the PC plays a role in the formation of the complex with maximum absorbance at 610 nm. To test this, we measured the spectra (Fig. 8) of DOPC (spectrum a), DOPE (spectrum b), SM (spectrum c) and LPC (spectrum d) in 60% MeOH. For comparison, the sample shown in spectrum e contained no lipid. Except for LPC, all the lipids formed a separate membrane phase, with diameters of 494 nm for DOPC, 538 nm for DOPE, and 1,596 nm for SM. Their respective peak maxima were at 610, 625, and 605 nm. Based on these results, we suggest that these differences in positions of the absorbance peaks may be due to the nature of amino groups in the lipids, with the quaternary amine in DOPC, secondary amine in DOPE and tertiary and quaternary amine groups in SM. On the other hand, the 590 nm peak observed in the absence of lipids was not altered by LPC (spectra d and e).
DISCUSSION
XO is known as a good chelator and has been used for the quantitation of ferric iron. We reported previously a new FOX assay for measurement of PC peroxides (12) . In it, the presence of EYPC shifted the peak of the spectrum of the XO/Fe 3ϩ complex from 560 to 610 nm in 60% MeOH solution and 25 mM H2SO4, and caused a significant increase in absorbance. In this study, we investigated the characteristics of the XO/Fe 3ϩ complex in the presence of EYPC.
The XO/Fe 3ϩ complex (equimolar mixture) gave absorption spectra at 590 nm either in 60 or 90% MeOH solution in the absence of EYPC. However, when EYPC was added to these solutions, the lipid had no effect on the spectrum in 90% MeOH (b in Fig. 1A ) but shifted the peak of the XO/Fe 3ϩ complex from 590 to 610 nm in 60% MeOH (b in Fig. 1B) . This result indicates appreciable interaction between the XO/Fe 3ϩ complex and EYPC in 60% MeOH solution but not in 90% MeOH. Because the formation of EYPC vesicles was observed in 60% MeOH but not in 90% MeOH, the XO/ Fe 3ϩ complex appeared to bind to membranous EYPC (PCm) but not to non-membranous, possibly monodispersed, EYPC (PCd). This conjecture was supported by the good correlation between the appearance and disappearance of the absorption peak at 610 nm and vesicle structure (Fig. 2) in the presence of different concentrations of MeOH. In 90% MeOH, the peak absorbance at 590 nm was not affected by a low concentration of EYPC (Ͻ10 times XO/Fe 3ϩ ) but was decreased with an increase in the EYPC concentration (Ͼ20 times XO/ Fe 3ϩ ) with a parallel increase of the peak absorbance at 430 nm, which is attributed to XO (or XO/EYPC) (Fig.  1A) (1) and (2) are shifted to the right. The requirement for the presence of EYPC vesicles for the binding of the XO/Fe 3ϩ complex and generating the new peak at 610 nm was supported by the following findings: (i) the disappearance of the peak absorbance at 610 nm after the addition of detergents; (ii) the close correlation between the appearance of the 610 nm peak and formation of the vesicles at different concentrations of PCs with different fatty acid chain lengths (Fig. 3) ; (iii) the lowering of the zeta-potential of EYPC vesicles by the addition of XO/Fe 3ϩ (Fig. 5) ; (iv) the broadening of the EPR spectrum of the XO/Fe 3ϩ complex in the presence of membranous EYPC in 60% MeOH but not by the monodispersed EYPC in 90% MeOH (Fig. 6) ; and (v) formation of a deep blue color of the XO/Fe 3ϩ complex bound to EYPC vesicles observed as a precipitate after centrifugation of the 60% MeOH solution containing XO/Fe 3ϩ -EYPC complex (data not shown).
Equilibrium (3) is shifted to the right at high concentrations of PCd. The decrease of the peak at 590 nm with the increase of EYPC concentration in 90% MeOH shows that the lipid concentration must be carefully controlled in measurements of PC-OOH concentrations by the FOX assay in 90% MeOH.
Details of the binding of XO/Fe 3ϩ complex to EYPC membranes characterized by the appearance of the 610 nm absorbance peak were investigated by comparing changes of the absorption intensity and the size of EYPC vesicles in the presence of different concentrations of MeOH (Fig. 2) . There was a close correspondence between absorbance intensity and vesicle size: both gradually increased with increase in MeOH con- centration up to about 65%, after which there was an increase in size of the EYPC vesicles and a decrease in 610 nm absorbance in the narrow range of 66-73% MeOH. An increase of the size of EYPC vesicles implies perturbation of the EYPC bilayer membrane by a decrease in polarity of the bulk phase with an increase in MeOH concentration. This MeOH-induced perturbation of the bilayer membrane structure may weaken the interaction with the XO/Fe 3ϩ complex and, at the same time, lower the absorption intensity at 610 nm. Concentrations of MeOH above 75% led to disintegration of the EYPC vesicles and disappearance of the absorption peak at 610 nm.
The binding of the XO/Fe 3ϩ complex to EYPC membranes was investigated by measuring the absorption spectra and zeta potentials at different concentration ratios of the XO/Fe 3ϩ complex to EYPC. From the change of the peak wavelengths at different ratios of [XO/Fe 3ϩ ] to [EYPC] (Fig. 4) , attributed to the vesiclebound and free XO/Fe 3ϩ complex, we calculated that one XO/Fe 3ϩ bound to about 3 molecules of membrane EYPC. The extent of the decrease of zeta potential of EYPC vesicles with the concentration of XO/Fe 3ϩ caused by binding to membranes (Fig. 5 ) also suggested that one XO/Fe 3ϩ complex bound to about 3 molecules of membrane EYPC.
DOPC gave a peak at 610 nm in 0 and 60% MeOH solutions, but DOTAP, a PC-like structure having no phosphorous group, did not, though vesicle formation was observed in both lipids (Fig. 4) . This indicates that interaction between the phosphorous group and the XO/Fe 3ϩ complex is a prerequisite for the formation of the 610 nm peak. Lowered intensity of the EPR signal at gϭ4.3 due to ferric iron, which was observed only in the system with intact EYPC membranes (spectrum D in Fig. 6 ) suggests formation of a more reduced state of the iron, which may reflect a transfer of electrons within the membranes from the negatively charged EYPC phosphate groups. Phospholipids with different amine head groups, such as DOPC, DOPE, and SM, gave a red-shift of the peak wavelengths by interacting with XO/Fe 3ϩ complex (Fig. 8) . The slight differences in the peak wavelength of the XO/Fe 3ϩ complex in the presence of phospholipids with different amine groups indicate that a positively charged amine head group of the phospholipid was also involved in the appearance of the red-shifted peak of XO/Fe 3ϩ . The lowering of the zeta potential of EYPC vesicles by XO/Fe 3ϩ (Fig. 5 ) also suggests the participation of the positively charged quaternary amine group of EYPC molecules in the interaction with the XO/Fe 3ϩ complex, possibly involving the negatively charged SO3
Ϫ group of the XO molecule. On the basis of the results of this study, we can account for the mode of binding of the XO/Fe 3ϩ complex to EYPC vesicles. The interaction shifted the peak of the XO/Fe 3ϩ complex from 590 to 610 nm, indicating that the binding stabilized the complex. The polar head moieties of EYPC molecules, which contain negatively charged phosphate groups and positively charged quaternary amine groups are oriented parallel to the bilayer surface of the vesicles. We found that one XO/ Fe 3ϩ complex bound to about 3 molecules of EYPC on the surface layer of the vesicles. When the XO/Fe 3ϩ complex binds to the surface of EYPC vesicles carrying no net charge, one complex is believed to have crosslinked to an EYPC triad by dipole-ion interaction.
